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Abstract

D'.:'al c••,e', or luqzr- *".uper-turo. Or ing .;Ai,,h vqaipnent Lauz operate, and

Aa-term f.mperntire extremes and cycles which uIpment vmust withstand

rt.out ifrrever•ible damage, are provided frr the vevisfn of M-J,-STL)-210A,
"Climatic Extremes for Military Equ:pm-,nt." The high teraperature during which

the equipment shouhi be operable wab se!•.cted from a companion r-,Wdf. The still

higher iemperatures that the equipment mijs. wbthst•.ad on standby for periods of

2 to 2 years withemt irre--ersible damnage ar: new. The areas atudie. for these

cxtremes ineluded Death Valley, Cai~f., anc vtstions in French West Afric.- Tae

oper•itional upper 1-uercent extreme ;r, the ho.ttst month in the worst locr.li-,a is

120"F; the associated aiirnal cyrie has P&a amplitude of 29 FO. The withsta.ndi•xg

uLpper 10-percent extreme is 128 F for a Z-•ear planned life, increasing to 133"F

for a 25-yeL- p•anned life.
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Unusual ExtTemts and Diurnal Cycles
of Desert Heat Loads

!:INTROIRCTION

Military S-'Ad'ard 210A, "ClimatLz Extremes for Military Equip t," ae ng
revised and zcientifl•. studies wre needed on which to realistically specify the tot-
test situatiOns. Equipment 3hould be operable most of the time in the hottest arear,
of the w•rld dat"g the hottest times of the year, and be able to withstand the on- A
slau. o02 the heat without Irreversible damage. It has been convenient to tag the
geographical areas of Imprance by mapping probabilities of high temperatures on
a world-wide baids for he-hottest month. of tae year (Bennett et aml, 1964; Tattelman,.
Sissenwine, and Lenhard, 1969).

Assuming that no place on earth Is to be excluded from military operations

duzing-me-hottest tize of the year sad that I percent inoperability Is acceptable,
we can ltmit our study of extreme hert to the Ftecch West African Sahara Desert
and Death-Valley. CalUorniat where the I perceatle is about 12CF (TrAtelman, 1969,

Figure 12), Other areas in the Sahara and MiddlE Ast are only slightly cooler.

Although not expected to operaft~ In temperatures over 120*F, equipment should
withstand, wiUhou damage, unusual, temperature extremes in these deserts, levels
tha are reached with only a 10 percent probability during the field life of equip-
ment. The higer temfperatre or this design philosophy must be specified.

Received for pubication 2 J~e 1970)
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Hot exjarewe •er always Included in a well pronounced diurnal cycle. The

daUy mw, mm•is last only a couple 3f hours. However, timbya # accompanied by

strong sunshine that causes equipment to attain temperatm os oanmdertbly higher

than the free-air valtu.s on which ratOlogy maps ame based. For this reaso
the hot extreme of temperature for both opezvtIig and wthstaodifg need to be
shown In realrisc diurnal cycles with solar radiation. The cycle should also in-

Jalude the windspeed, whic. might serve asa limiting factor io beat i ten-slfiotion.

The mosLars oontect is also needed aince the extremely low relaliv humidities

thft csm be present during the hottest aitua•tios can leW toI special design prob-
lems.

ThtA s•$ does not examiLe alternative maethods for estimating heat stress.
Specifically, it does not provide uecles of greatest solar insolation. Solar insla-

tion is known to be hiouer at high-ekvation deserts (and other elevated topography)I it la in the ,ieaar.-ea-iovel (below sea level up to about 1000 ft), hot deserts
memloned. However, standard free-ai- temperatures are not as high. The as-
e*,'ption is =ade ,herein that equipment will. In general, reach higher temes
in t•ua hottest locasions than In the sunniest locations; therefore, the high t al-
stress cycles developed herein s re linked to instrument shelter free-air tempera-

t•res, a worldwide st&ndard.

I' DATA

For extrome h&at the clicate of statitos In the Sahara Desert sould be the best

ior anaysbs, but records of hourJy Nberv*loms and annual extarem were not

available. For most of the Sahaa only m rage and absolute monthly maximum and
minimumn tempertures were available (Meteorological Ofce, 1958). For Death

Valley, Calornia, year by year exttemes are availal o 1911 on. Also avail-
able are daiI7 records of maximnm and minimum t atur s that will be useful

In cietermnilng the diurnl oycle.
Frequency distributions of tontporstfres, one or more observations per day,

in the smmnor months for El Golea, Fort Flotters, In Amene, AdsM. In Balab, and
Ouallea. Algeria; F-unti Penaico and SonoMr adxico; Belize, British Honduras;

Ytuna, Ariura6 and the 50-year record o€ daeny maximum and minimum tempera-

tures for Death Valley, Csilf•r•a. were obtained from ETAC.

.DiUWINAL CYC1JS FOR OPEPAIIONS

JU &Aed, typical loctUons fcc models of extreme temperature cycles are

Frreimh West Africa azA DEath Valley, California. Because records for those area
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ire Incomplete with reapedt to the diurnal cycle and associated measures of radia-
tiou, windspread, and moloture, it was deemed desirable to study Yuma, Arizona.
While not as extremely hot as Death Valley, Yuma Is one of the hotter deaerts nearA
sea level and has a substantially long record of hourly observatdovs that can be
studied in depth. Patterns discerned by such a study can then be extrapolated for
analysis of more extreme locations.

&I1 Yina, Adam

The July hourly observations of temperature at the U. S. Weather Bureau sta-
tion, Yuma, Arizona, for 1942 to 1968, and dally maxima and minima, were pro-
vided by ETAC. Except for those of July 1942, when the daily record was completed
only between the hours of 0500 and 1700 1ST, the observations are for all 24 hours.I The distribution of all temperatures in July is shown in Figure 1. The mean
and standard deviation for the hours of 0000. 0600, 1200. and 1800 are:

Time Mean (OF) SD (F*)
000A 87.6 3.74
0600 82.2 4.09
1200 100.0 4.60
1800 103.0 4.99

For the four time periods above, the average of hourly standard deviations, & is
estimated as 4.36 F*.

The diurnal maximum and minimum have mean and standard deviations as
follows:

The mean diurnal range Is 27.1 FO.

Xt souldbe rome-ta h vrg fteaadr deviations ofdiymdmr

anddaiy -nimm tmplargtdurnal cyclF des noth deffert gethe fo heetmt
fotepeatr dury .6V Apretinty hotuetrlynobservtpions o temeraa -~i
ture m unvailble nth espert td m 191hourly th ndrd ee devayios durng whie the
ablywelestimat F f om thigher. Fo r the seadr selectiodasf the median maximu

minimum istemFpeerveagaemertueresac hu
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Figure 1. Yuma, Ariz., July Frequency Distribution of Tem-
perature. Based on 1949-1967 Records of Hourly Observations
SuAplied by ETAC

is shown in a diurnal cycle In Figure 2. The mean diurnal range is 27.5 F* for
these 20 hottest days, about the same as it is for the whole population of July days.
However, hourly means and standard deviations for the 20 hottest days differ con-
siderably from those for the month:

Time Mean (*F) SD (F*)
0000 92 2.88
0600 83 2.67
1200 104 2.16

1800 109 1.89
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The average standard deviation of 2.4 F* is considerably lower than the population

value of 4.4 F". Evidently, the 1 percent hottest days are very similar to one an-

other and can provide a reliable diurnal cycle to be associated with the 1-percent

value of 1110F.

The median hourly dew points for the same 20 hottest July days are shown in

iFigure 2. The overall median is 57*F. The large diurnal temperature range yields

a pronounced diurnal cycle of relative humidity that is out of phase with the smaller

cycle of dew point.

The windspeed has a median value of 7 knots. The anemometer levels were

known to be 20 to 27 ft above ground. While varying in the narrow limits of 4 to
9 knots, the wind still appears to :.ave a diurnal cycle with maximum speed in the

afternoon and minimum in the early morning.
Data are available (U. S. Army. 1957 to 1968) for direct and indirect solar

radiation at all wavelengths absorbed by a horizontal surface with an Eppley pyr-

heliometer. In July at Yuma the noon value is 325 BTU/ft2/hr, decreasing to zero

at 2000 and remaining at zero until 0500 the following morning. Temperature

.4.
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cycles for the hottest day and for I and 2 days before and after each of the 20 hot

days were studied.

Table I gives the ratio of the departure of each hourly temperatur, from the

I-percentile value (IIIF for Yuma) to the diurnal amplitude of temperature of the

hottest day (27.5 F 0 for Yuma). It also gives the ratio of wlndspeed departure fran

an anchor value to that anchor value, likewise solar radiston. At Yuma the anchor

value for windspeed is 8 knots and for solar radiation 325 BTU/ft2/hr. These re-

lationships are considered typical of even hotter near-sea-level deserts, and are
provided as patterns of diunal cycles of sich locations In periods of extreme het.

Table I. Hourly Ratio of Temperature Deprtswe From the 99-percentile Value to
the Diurnal Amplitude on the Hottest Days (Ara ? 99-percentile). The table also
includes hourly departure of windspeed and solar radiation from an anchor value.
and its ratio to that anchor value

Wte eC 21w Day

1 2 3 4 5 6 7 09 1, 11U 1 11 14 15s If 17 19 28 2 22 23 24
TeopWftwe. .84 .68 .8 .93 .96 1.00 .96 .84 .62 .4 .JS AS .13 .34 .04 0 .02 .0 .20 .40 .49 .88 .6 JSboUest day
1 day b=e .80 .37 .94 1.0 1.02 1.05 .06 .84 .65 .54 .40 .26 .14 .11 .0 .11 .14 .22 .40 . .AS A .76
1 day after .76 .AO .67 .7 .94 .M4 .1 .6 .65 .54 .X AI . .14 .11 .a .11 .J2 .S .44 .AS A .78 .842 do" bdar .87 .93 .96 LO 1.02 1.09 .96 .8 ..73 Al .47 .9 At .24 .20 .84 .14 .18 .29 .0 M 2 .13 .742 do" Ae .87 .83 .03 .93 .06 .98 .94 .84 .73 .6So 51 . 2 .2 .S 2 . .34 .Al .A4 .9 .AS .

Wted'P..d. .38 .36.M.38 .30.38 .30 J8M.380* 0 0 00 0 000 0 0 0 0 0 .38
batht day

RadSma.. 1.00 1.00 1.00 1.00 1.00 .94 .77 .57 .35 .A .08 0 0 20 .S A.T 77 .94 LO 1.0 L1O 1.00 1.00
Moeft da

32 Bea@& Valley. Calibmia

The USWB records (on Form 1009) prsM4' daily maximum and minimum tem-
peratures at Death Valley, Calif., for the period 1911 to 1968. As for hourly sum-
mer temperatures. the only known rec•rd wzs made by thermograph in 1949 by the

U. S. National Park Service at Death Valley NMAonal Mom-ent. Court (1952) mtde

a study of this limited record to obtain durstitxx of daily maimum and near maxi-

mum temperatures in the diurnal cyWle, weating it. as he practically had to, as a
case study. The record ts insufflcient io yio~d a direct statistical estimate of the
1-percentile value in the warmest ionth, wah hiurly details of the associated diur-

nal cycle. The cycle during a day on whic; 1-percentile extremes occur must be
estimated by indirect means (described below).
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4. OFEIAFINAL EXUUU

From the available data, frequency ditrjb*uions of the 59 yews oc July daily

maximmum and minimum tepratures are provided In Figure 3.

y(NA•l)

m 3
3.50

S_.:3

A

3; i

Aml

so 10 so O so 00o 0la NO00
TEMPERAMNRE (F)

Figure 3. Death Valley, Calif-, J6ly Twameratures. Based
an 1911-1969 Records at Daily Mazimuam andMimu

The diurnal madximm and iiimum te NeaUres bane mean and standard dewia-
tims as follows:

.w--.i':: A

.I .

• 08:-'.-P



Mean (*F) S
Ma•dimum 115.4 7.99

Minimum PT.9 7~5
The mean daily range is 27.5 F*, About the same as for YTua, but tbe oet

stmndard deviation of hourly temperatures. averaging 7.78 F-L to mnuch greater t*An
that at YuMa.

From studies of daily maximum (Courk. 1949) and duratiom (Court 1952),
Tattelmon, Sslsenwlne, and Lenhard (1969) estimated the 1--7peroent,*for Deah

Valley to be 1230F. As noted in the introduation, a vabie of 120OF wasn selectee as
the MAXiMUM tMperatr I• the cycle or high-temperWare operdCIs (Melm'
from JCS to Sxwre-ary of Defe.e, Subject: Military Standard MU..-STD-210A.
Climatic Extremes tat Military quipmeft, JCSM-502-69. 12 Aqgidt1369).

To bettr restore the dirlan, cycle that I tpcal for days aftaining 120"P', the
microbu record was searchod for the maximum and minum t emperamres for
each day that the temperature equalled or exceeded 120"F In Julyt 1911• to '9:1
(1922 missing). The median maximum was found to be 120OF. the median ninimum
was 91*F. Ths, the range was 29 F* for Death Valley% hottest doys compared
with Yuma's 27.5 F. It Is concluded that the Yuma cycle (Table 1) can be used to
establish the Dea Valley cycle to accompany the 1-percent value (Table 2) for
the hottest days. I day before or a*ter, and 2 days before or after. For the sake of
symmetry and Intuitive Impiesnsion of the rise and decline of extreme tempera-

tures, these values were smoothed to the values in Table 2b.

S. MIUSrANUMG EXTKE

The record for DeiW.a Valley Is assumed as tpa oft extremely hot deserts.
The micm-lm yielded the. ighest temperciare In each ot 57 years hovm 1911 to

1968 (U year cxmiplete). Their distribution Ms the Gumbel dystribution vry well
(Figure 4) and. through theory (G.ngorten. 1963), yie3lds the oowirl estimates
of risk for given planned lifetimes:

Planned Life (eaira)
S(t,,) 1 2 5 10 25

1 131 F 133*F 134*F 135OF 137OF
10 127 128 130 131 13S
25 125 127 123 129 11
50 124 125 1l2 128 130

For the withstanding poblez,• the 10-perceniles are used as the nusalmm

1600 L.T temperatures and the associated diurnal cyW.e Is estimated (Table 1).
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Before thIs estim•te can e mnde,. it is necessury to establish the typical diurnat

ampltude for each planned life.

The whole 59-year recgrd for Death Valley, Calif., was searched for the ma•d-
mum and minimum temperature for each day *a the maw-ntmm rocehed ox ex-
ceeded 120*F. For the fllowing maxima, the median of the minima were:

S(* Median mn (°F) No. of occurrences

120 91

121 93 91

122 92 B2

123 89 62

124 90 30

125 98 .5

126-134 89 18
There is no indicatiLn that the minimum tapsratutuc uan be asscatded with

the mxanamni, exept that ft is cloae *o 01*F viu.mezer the maximum temperature
equals or ekveede 120*F. Hence, the aedbciawL mialmua is amsumnf to be 91'F

and the diurnal amplitude (as used In Tabe 2c) becoes ma follme:
U (OF) Aeuue We')

128 3
lots) 39
13-, 40

133 42

| w



10

4. iIS1t.TJiC A&09MATD HL'MIEUTY

Figiure 2 abwo that for the selected sample of July days at Yuma the hourly

dow pokut ha an overall aee1an of 57OF. Date tabulated (Met. Off., 1958) for

Afruran stataon tbat have awsrage daily mazimum temperature for July equal to
or gi cater t•-an 113%PF much like Death Valley, shown relative humidities as follows:

R H (%)
swimo Let LAS Al 0700 1300

2i05sN V5I?1'W 9"8 30- 19
Aculef 27t04'N 0*44W 902 29 18
kz= Salat 21012'N 2'221' 919 29 16

Ouallme 2403'114 1614E 1135 15 7
Regan 26"43N o 0*099' 876 16 7

lwrduwoa•W •91'N 004'E 961 26 15
Ara. (Jme) 18554N 3*3WW 935 26 16

(0600) (16o0)

Median 20% to
For tep mer oa 92*F at 0700 and 1160F at 1300, typical for these times, the
median lA~s give dew paints of 52* and b9OF respectiwelf the relative humidities
far Beggan and Cualinie give dew po11int.at about 38*F at both times.

Data doltimed during a Death Valley e•pedition 0Sissenwine at al, 1951) shows
that the humiditv varbad from a relatvely mot condition (450 to 50"? dew points)
st plaoe like the Nationl Momnmat and Cow Creek to very dry couditions over
desert dumes near Stove Pipe Wells; over the desert dunes on 10 and 11 Aug 1950,
some 12 aternoon dervations (1200 to 1700 bowrs) gave a median dew point of
19OF aW a re*L-ve humidity of 4 percent.

Sine a low moisture content causes the maot critical drying during the hot ex-
treme condition, a romuded-value 20OF dew point was chosen for the MIL-STD-210B,
yielding the relative humidities in Table 2d.

7. KSIIAfnr4 ASUMTAIU UIIIMDSF

PA Yuma. Arlsos, July windapeeda an the hottest days are approximately
8 ,kwte from 1000 to 2300 1Sr and 5 k1ots at other tImes. The anemometer beigh
during the periods of record was 20 to 2" ft above the ground.

At Deth Valley, California (1061 to 1959), the wind recorder at 1.5 to 2.0 ft
height wa read once daily to give th* 24-hr movement at air across the evaporation
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Table 2. Death Valley, Calif., July Temperature ('F) Diurnal Cycles Resto-ed by
Eptmatin (see text) for Days When MaxiL:i T a.peratur? iqals or rE aleds lic
1-percentile (120'F)

new Hour of the Day

1 2 3 4 5 6 7 8 9 10 11 12 12 14 15 16 17 18 19 20 21 22 23 24

Table 2a. Temperature Cycles., ESt e by. Using Ratioe for Y- (Table 1)

HoetDay 095 042 901 90 91 90 5 6 10 112 116 119 119 120 119 118 114 108 105 102 100 98
1 4dayb•i a 96 04 92 80 80 88 91 95 100 104 108 110 112 116 117 118 117 116 113 108 105 103 99 07
1daysatr 97 s6 04 94 92 92 93 96 100 104 108 111 115 116 117 117 117 113 111 107 103 100 97 95
2ds"ber1e 4 02 91 00 S0 87 91 94 F. 103 106 109 111 113 114 117 118 115 111 105 103 101 908 98
2days a r 0 0 02 02 91 91 2 95 d8 101 105 107 110 112 113 114 113 112 110 105 101 99 97 94

Table 3b. Smooated Cycles - Operatioal Temperature.

Houteet DOW 5 04 93 92 901 0 01 95 10 106 110 112 116 118 110 120 110 118 114 106 105 102 100 98
Idaybeore 9 0 09 93 02 91 90 92 9610 104 108 111113118 117 It$ 178 15 112 10 104 101 96 96
or after

2 days before 04 90 02 91 90 80 91 95 96 102 105 108 110 112 114 116 115 113 111 M05 102 100 98 04

Table 2c. Withstanding Temapersatre Cycle.

2-year ezneme 09 96 90 9 92 91 92 97 105 110 115 110 123 126 127 128 12? 125 121 113 110 190 103 101
5-y extreme 97 9 986 94 02 01 02 97 106 112 117 120 1M 123 120 130 I20 127 122 !14 111 107 104 102
10-year ex me 07 90 06 04 92 91 92 97 106 112 117 121 126 129 130 131 130 128 123 115 111 108 104 102
25-year extrwae 98 96 6 0 02 91 92 90 107 113 116 122 1 131 131 133 132 180 125 116 112 108 105 102

Table 2L. Asociated Value.

Relave aiaddity GS 7 7 88 8 8 6 ,5 4 4 3 3 3 3 3 3 3 4 5 6 6 6%
(iip,.:00r)

Winiepeed (01 6 9.1 6.1 6.1 6.1 .1 6.1 6.1 6.1 6.1 9.7 09.7 .7 0.7 9.7 0.7 0.7 9.7 9.7 9.7 9.7 0.7 0.7 9.7 6.1I

Soler afnlatheli 0 0 0 0 0 22 83 155 233 288 332 360 260 288 233 155 63 22 0 0 0 0 0 0

pan. On 35 days whem the maximum temperature reached or exceeded 120*F, the

recorded movement had a median of 55 miles, thus giving an average windspeed

of 2.3 mph. Table 2d gives the windspeeds by hour, restored by using the ratios as

determined for Yuma, and corrected to an anemometer height of 10 ft by the so-

called power law

5;10 .(1.0)0.17

to give an average speed of 8.2 mph. The exponent of 0.17 is considered typical for

average winds (Shellard. 1962).
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8. ESTWMATING ASSOMATED RADIATION

The report of Sissenwine et al (1951) gives an average:(or typimci) noWonti _

ri~diation on a horizontal surface at Death Valley, California, between2 J•u nd

12 August with clear skies, of 1.376 Langleys/min n 82.5 Langleys/hr. At Yuma

Arizona, the July Eppley Pyrheliometer records yielded a noo-time-average of

88.0 Langleys/hr. Since the latitudinaleffect would be very much less thfiderence

is probably due to increased absorption~of radiation by the atmkospphere over, b6ih_-

Valley. The-elevation of Ieath Valley is 178 ft below sea level compared to Yuma's•

elevation of 206 ft above sea level. -

The absorption of solar radiation is related to the thickidess (by mass) of air

that is penetrated, making the following relation acceptable as an initial absum-ption

for =lar radiation at pressure, p:

o e-ap (1)

where 10 is the solar constant for radiation on a horizontal surface above the-atmo-

sphere, 1.95 Langleys/m•n (117 Langleys/hr). Solving Eq. (1) with Yuma's I-of
88.0 Langleys/hr, the standard atmosphere pressure of 1006 mb for 206 ft yields
an a of 2.833 X 10- 4 rb- 1 . Solving Eq. (1) using that a for Death Valley at -200-ft

(approximately), where standard pressure is 1020 nib, lds a noointLnie radiation

of 87.6 Langleys/hr. Since this is much higher than the 82.5 given by SissenWine

et al (1951), it must be explained by another factor. The most obvious is the moil-

ture content in thelowest 3000 or 4000 ft of the atmosphere.

Now,- assume that the parameter, a, for pressure greater than 900 mb, typical

of hot deserts, will be given by:

I1 e -aP
-= 1 2)Se-aP

2

Then, for Yuma and Death Valley:

1 88.0 12 = 82.5

P1 3 1006 P1 = 1020.

oligfrathvluof0044 "Io
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The hottest locations in the Satiar desert zie all at about. 1000 ft altitude. The

standard atmospheriC- pressure is 977 mb for that altitude. Solving Eq. (2) for

977 mb and an a of O000464mb"1 yields 100.8 Langle.is/hr or 369 BTU/ft2/hr.

This value is Just 9 BTU/ft 2 /hr higher than the value previously assumed in this

kind of work. Themvalue of 3?-0 BTU/ft2/hr (97.6 Langleys/hr) is, therefore, rec-

-ommended for retention-as the peak radiation in the desert on a horizontal surface.

The.propQrltons of radiation in other hours are taken from Table 1 for Yuma to

give the houtly radidtion in Table 2d.

!'
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Er rata

Table 1, which gives ratios of hourly der.artures from the maximum

of temperature, windspeed and solar radiation to the daily maximum,
should be correctea, to show the last line as follows:

Hlour of the Day 1 2 3 4 5 6 '7 8

Radiation, 1.00 1.00 1.00 1.00 l.10 0.95 0.76 0.55

hottest day

Hour ofthe Day 9 10 11 12 13 14 15 16

Radiation, 0.35 0.18 0.07 0 0 0.07 0.18 0.35

hottest day

Hour of tthe Day 17 18 19 20 21 22 23 24

Radiation, 0.55 0.76 0.95 1.00 1.00 1.00 J.09 1.00
hottest day

Hence, týhere wilt be a correction to Table 2d to give the solar radiatior

(BTU/ft-/hr) at Death Valley, as follows:

Hour of the Day 1 2 3 4 5 6 7 1

SAar Radiation 0 0 0 0 ) 18 86 162

Hour of the Day 9 10 11 12 13 il Th 16

Solar Rsdiation 234 203 335 360 360 335 295 234

Hour of the Day 1? 18 19 20 21 22 23 2I

Solar Radiation 16", 86 18 0 0 0 0 0
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